Abstract: Environmental corrosion and vehicle dynamic impacts are among the major threats to the safety of existing bridges. The structural reliability is greatly endangered by their combined effects, which could possibly lead to a catastrophic failure. In this paper, the fatigue reliability of existing deteriorating steel bridges is evaluated. The dynamic stress ranges were obtained based on vehicle-bridge dynamic analysis. Varied material corrosion rates, vehicle types, vehicle speeds, and time-varied road surface conditions are considered. In the fatigue damage assessment approach, the bridge deteriorations of the road surface condition and structural components are included. At the end of each stress block, the fatigue life is estimated by evaluating the cumulative probability of failure. The effects of the corrosion induced area loss and moment of inertia reduction are limited and are much less than the random effects from road surface condition. Corrosion induced fatigue strength reduction have a large effect on fatigue life. More than 60% reduction of fatigue life is predicted for different corrosion levels. The fatigue strength reduction is found more sensitive for the fatigue life estimation. At last, a new dynamic amplification factor for life-cycle bridge fatigue design (DALC) is proposed, which is defined as the ratio of the life-cycle nominal live load stress range and the maximum static stress range. Fatigue damages from multiple stress range cycles due to each vehicle passage at varied vehicle speeds under various road conditions in bridge's life cycle and progressive deterioration are included.
Introduction
The environmental corrosions and repeated dynamic vehicle loads induced structural deterioration is one of the major threats to the existing bridges' safety. The combined action of cyclic stress and a corrosive environment finally lead to the tragedy of the collapse of the Silver Bridge in 1967 (LeRose 2001) . Many bridges were designed and built in the last 50 years. The average age of bridges on the federal highway system is 43 years and about 20% of the more than 600,000 total bridges are already over 50 years old, according to AASHTO in 2008 . With potential significant deterioration in existing bridges and much heavier vehicle loads, great attentions must be drawn to ensure the existing bridges' safety in their later life cycle. However, it is still challenging to assess the time-variant damages from random vehicle loads, environmental corrosion and their combinations in spite of the remarkable progress on vehicle-bridge dynamics and metal corrosion analysis.
The objective of this paper is to assess the fatigue reliability of existing deteriorating steel bridges with a methodology revised from the previous study Cai 2012, Zhang et al. 2013) . The dynamic stress ranges were obtained based on vehicle-bridge dynamic analysis for varied vehicle speeds and road roughness conditions. The bridge deteriorations were considered in two aspects. One is the deterioration of the road surface condition, which enters the vehicle-bridge dynamic system via the interaction forces between the vehicle tire and the bridge. In addition, the road surface renovation is considered. The other deterioration considered for the bridge is the structural component, which includes sectional loss and downward shift of fatigue strength and its category. Based on the proposed fatigue damage assessment approach, the deterioration effects can be included when evaluating the limit state functions at the end of each stress cycle via updating the stiffness matrices and the fatigue strength. Fatigue life of the bridge can be achieved by checking the cumulative probability of failure and comparing it with the target value. At last, a new dynamic amplification factor for life-cycle bridge fatigue design (DALC) is proposed. Fatigue damages from multiple stress range cycles due to each vehicle passage at varied vehicle speeds under various road conditions in bridge's life cycle and the progressive deterioration are included.
Vehicle-Bridge Dynamic Analysis

Modeling of Vehicle-Bridge Dynamic System
The vehicle impacts on bridges started from modeling the vehicle as a constant moving force or a moving mass (Blejwas et al. 1979 , Timoshenko et al. 1974 . Later, the vehicle-bridge dynamic analysis was established after a full vehicle-bridge coupled model was built (Guo and Xu 2001, Cai and Chen 2004) . The coupled equations of motions were built to model the vehicle-bridge structural system. The coupling forces between the bridge and vehicles, modeled as coupling forces between the tires and the randomly generated road surface, were proven significantly affected by the vehicle speed and road roughness conditions. Significant effects on the dynamic responses of short span bridges were found in previous studies, and systematic fatigue damage assessment approach was built to include the effects of the progressively deteriorated road conditions and random dynamic vehicle loads in a bridge's life cycle (Zhang and Cai 2012) . The detailed information on the equations of the motions for the vehicle-bridge dynamic system can be found in the previous study . However, no corrosion effects in a bridge's life cycle were considered in the previous study.
The studies on the environmental corrosions of metal started since 1940's. Large amount of data were collected on the rate of material loss of metal specimens in various environments (Albrecht and Naeemi 1984) . Kayser and Nowak (1987) studied the possible types of bridge corrosion. The inherent randomness in the deterioration process brought large uncertainties to the structural performance (Kayser and Nowak 1989) . Later, a deterioration model was developed and major parameters for corrosion of structural members were identified, including the deterioration rate (annual loss) and pattern (roughening and pitting) (Czarnecki and Nowak 2008, Nowak and Szerszen 2001) . In addition, fatigue strength reduction curves were also defined in the model. With more accurate stress range prediction results based on vehicle-bridge dynamic system and corrosion modeling of deteriorating bridges, it is possible to evaluate structural reliability considering both the environmental corrosions and the random vehicle dynamic impacts.
A short span slab-on-girder bridge designed in accordance with AASHTO LRFD bridge design specifications (AASHTO 2010) is analyzed in the present study. The bridge, with a span length of 12 m and a width of 13m, accommodates two vehicle lanes traveling in the same direction. The concrete deck is 0.19m thick, and the haunch is 40mm high. All of the six steel girders are W27×94 and have an even spacing of 2.3m. The other bridge details can be found in the previous study . Three-dimensional mathematic models of trucks are used in the present study, and the average daily truck traffic for the trucks with two, three and five axles are assumed to be 600, 400, and 1000. The distributions of the vehicle speed are assumed to be the same for all the three types of vehicles. The AASHTO H20-44, HS20-44 and 3S2 are used in the present study to represent the trucks with two, three and five axles, respectively.
Modeling of Road Surface Conditions
According to the AASHTO LRFD bridge design specifications (AASHTO 2010), the dynamic effects due to moving vehicles are attributed to two sources, namely, the hammering effect due to the vehicle riding surface discontinuities and dynamic response due to long undulations in the roadway pavement. The long undulations in the roadway pavement are assumed as a zero-mean stationary Gaussian random process, and it is generated through an inverse Fourier transformation (Wang and Huang 1992) . The discontinuities were isolated and treated separately from the pseudo-random road surface profiles according to ISO (1995) and Cebon (1999) . In the present study, the faulting is assumed to locate at both ends of the approach slab with the same values (Cai et al. 2007 , Shi et al. 2008 . A twofold road surface condition is used in the vehicle-bridge dynamic analysis to include both the local defects and long undulations of road profiles for dynamic effects due to moving vehicles.
As years go by, the road surface deteriorates with aging, surface abrasion, and damages from heavily loaded trucks. The road surface condition is modeled with road roughness coefficient (RRC) in the present study. In order to include the time-variant deterioration of road surface conditions due to traffic loads and environmental corrosions, a progressive road roughness deterioration model for the bridge deck surface is used (Zhang and Cai 2012) . The road roughness coefficient can be obtained and the random road profiles in different time period in bridges' life cycle can be generated. The road roughness coefficient and road profiles enter the equations of motion of the vehicle-bridge dynamic system, and the obtained dynamic stress range history can reflect the time-variant deterioration of road surface conditions.
Corrosion of Structural Members
Major parameters for corrosion of structural members include the deterioration rate (anual loss), pattern (roughening and pitting) and fatigue strength reduction (Nowak and Szerszen 2001) . Corrosion loss for unprotected metal material was found to follow an exponential function (Komp 1987) :
(1) where R represents the average corrosion penetration, in μm, t is number of years, and C A and C B are the parameters determined from the analysis of experimental data. Based on the available literature and field observations, three deterioration rates (high, medium and low), which is corresponding to the rural, urban and marine environment, are defined Naeemi 1984, Nowak and Thoft-Christensen 2000) . Since the paint and protective cover can protect the steel members for about 10 to 15 years, the rate of corrosion is assumed to be practically zero and the function of the corrosion penetration C and time is revised accordingly (Nowak and Thoft-Christensen 2000) .
Corrosion induced fatigue strength reductions were mainly studied via experiments. To make a direct comparison with current AASHTO LRFD bridge design specifications, only S-N model is discussed in the present study and fatigue strength reduction is used to simulate the corrosion fatigue effect. Based on the fatigue test data on corroded samples with specific materials and corrosion environments, the fatigue category downward trend was found (Albrecht et al. 1990 , Hahin 1994 . As the corrosion proceeds, the fatigue category of a structural member shifts downward gradually from category A for rolled sections or category B for welded plate girders to category D in later stages of fatigue life when the smooth plate is heavily pitted. A general corrosion fatigue equation was proposed considering the general corrosion and pitting (Hahin 1994) :
.54Rt is fatigue reduction factor, related to pitting, R is the corrosion rate in inches/year, t is time in years, S corr is the stress range and should be adjusted for moment of inertia or section loss due to corrosion, and m is the fatigue exponent. For comparison, the relationship between number of cycles to failure N and equivalent constant amplitude stress range S re for steel without corrosion is listed below (Kwon and Frangopol 2010) :
where, A is the detail constant that is typically defined in design codes, such as Table  6 .6.1.2.5-1 in AASHTO (AASHTO 2010). In Eqs. (2) and (3), the fatigue exponent m is suggested as 3.26 for the corrosion environment, while it is usually 3 if there are no corrosion considerations (Hahin 1994) . It is noteworthy that there is no fatigue limit for the corrosion fatigue of high tensile steel plates, which suggests that even a small stress fluctuation could lead to fatigue damage accumulation (Uhlig and Review 1963) .
Progressive Fatigue Reliability Assessment Approach
The fatigue damage variable D is an index within the range of 0 to 1, which is used to define fatigue failure. In the present study, the following failure function for fatigue (Limit State Function, LSF) defined by Nyman and Moses (1985) 
where, g is a failure function such that g<0 implies a fatigue failure, D f is the damage that causes a fatigue failure, D(t) is the accumulated fatigue damage at time t. D f is treated as a random variable and it is assumed to follow a lognormal distribution. Its mean value is 1 and coefficient of variation (COV) is 0.15. The COV value is chosen based on the variable amplitude loading tests that ensure 95% of the tests have a life within 70-130% of those predicted by using Miner's rule for fatigue failure predictions (Nyman and Moses 1985) . Based on the information from the literature, all the related random variables for predicting fatigue reliabilities are listed in Table 1 A revised fatigue reliability assessment approach is used in the present study on the basis of previous study Cai 2012, Zhang et al. 2013 ) to include nonlinear damage accumulation and structural member corrosion effect. In order to save the calculation cost, fatigue damage accumulation and probability of failure is evaluated at each block of stress cycles instead of each stress cycle. At the beginning of the stress-cycle block, the vehicle types, numbers, and speeds are generated randomly according to their distributions. Five road roughness classifications were defined by the International Organization for Standardization (ISO 1995) . The road roughness coefficient for the current block of stress cycles is calculated based on the corresponding traffic data or can be adopted from the measured Road Roughness Coefficient (RRC) records for existing bridges. Five classifications of RRC are used for the vehicle-bridge dynamic analysis. The road roughness coefficient is a function of time and the number of passing vehicles as defined in the progressive road roughness deterioration model (Zhang and Cai 2012) . The road roughness condition deteriorates from very good to very poor after years of service. If the RRC exceeds the maximum value for very poor conditions (2.048×10 -3 ), a surface renovation is expected. If that is the case, the road surface condition is re-assessed, and the road roughness condition will most likely be "very good" and deteriorate again as time goes. Based on the corrosion rate at the beginning of the stress-cycle block, the bridge section including the areas and the moment of inertia needs to be updated in the finite element model. The stiffness matrices for the coupled equations of motions for vehicle-bridge dynamic system are updated.
Based on the road roughness coefficient, the road roughness profile is generated randomly. After the vehicle-bridge dynamic analysis, the stress histories in bridge details are obtained, and rainflow counting methods are used to calculate the numbers and magnitudes of the stress ranges. Based on the 50 randomly generated road profiles, the revised equivalent stress ranges are found to follow a normal or lognormal distribution (Zhang and Cai 2012) . As a result, the revised stress range histories in the block of stress cycles are randomly generated for evaluating the LSF. In addition, since the fatigue strength drops with corrosion, the fatigue strength needs to be updated for fatigue damage calculation. Based on the defined LSF in Eq. (4), a conditional probability of failure after the fatigue damage accumulation of the present block of stress cycles is obtained. The total accumulated probability of failure due to all of the preceding blocks of stress cycles can be calculated and compared with the maximum allowable value of probability of failure corresponding to the target reliability index, such as β = 3.5 in AASHTO LRFD bridge design specifications (AASHTO 2010) . If the accumulated probability of failure is less than the maximum allowable value, the analysis continues to the next block of stress cycles. Otherwise, the analysis stops, and the fatigue life for the target reliability index or fatigue reliability for a given design life of the bridges is able to be obtained.
Effects of Structural Member Corrosion on Fatigue Reliability
Effects of Section Loss
In the assessment process, the section loss influences the fatigue reliability by affecting the stress range. Based on the corrosion rate of steel girder bridges and the typical corrosion location discussed before, the loss of area and moment of inertia reduction is obtained. For example, the high corrosion rate could lead a loss of 0.93, 0.93, and 0.95 at a design life of 75 years for the area, the moment of inertia for vertical bending and the moment of inertia for lateral bending, respectively. For a demonstration purpose, the AASHTO 3S2, the five-axle truck, is used for the vehicle-bridge dynamic system to compare the equivalent stress ranges before and after the corrosion. The vehicle speed is chosen as 40m/s and 10 road profiles are randomly generated. The first natural frequency of the bridge drops slightly after 80 years of service under a high rate of corrosion. The corrosion effects on the equivalent stress ranges are shown in Figure 1 for high corrosion rate at 0, 20, 40, 60, and 80 years, respectively. The boxplot for all the 50 samples for 5 groups of corrosion years is shown in the figure, as well. The values in the figure are normalized by the mean value of the equivalent stress range at no corrosion, which is set as 1.0. Even though the variations for different years of corrosion can be found, no clear trends of the stress range could be found. The random effects from road profiles overwhelmed the corrosion effects. 
Effect of Fatigue Category's Downward Shift
Based on the fatigue test data, the decrease of the fatigue strength due to corrosion was found (Albrecht et al. 1990 , Hahin 1994 . The fatigue category of a structural member might shift downward gradually as the corrosion develops in later stages of fatigue life when the smooth plate is heavily pitted. Based on Eq. (2), the detail constant A' in a bridge's life cycle due to corrosion can be obtained and shown in Figure 2 . In the figure, all the calculated data for detail constants are normalized by the detail constant for category B without corrosion considered. For the three corrosion rates, the detail constant drops 42%, 26%, and 17% for high, medium, and low corrosion rates after a bridge design life of 75 years. As the detail constant ratio for B' and C' is 0.51 and 0.37, the fatigue category shifts from Category B to the range between B' and C at the time of 80 to 100 years. It is noteworthy that the corrosion effect on fatigue category has been addressed in many codes or specifications, such as Eurocode 3(2010) or DNV-RP-C203 (2011). For example, in DNV-RP-C203, three environmental conditions are defined, such as air, seawater with cathodic protection, and free corrosion. S-N curves are defined accordingly for the three different environmental conditions. Based on the proposed fatigue damage assessment approach, the fatigue life is obtained through evaluating the limit state function. The probability of failure is obtained and compared with a target value corresponding to a target reliability index of 3.5. Since change of the stress ranges due to the loss of the area and moment of inertia does not have a clear trend, no changes are made for the mean and standard deviation to the stress ranges at each combination of a vehicle speed and a road roughness condition when evaluating the limit state function at the end of each stress block. The fatigue strength N, the number of cycles to failure, is a function of time and can be obtained via Eq. (2). The obtained fatigue life is shown in Figure 3 for the two fatigue exponents and the four corrosion conditions, namely, no corrosion condition, low, medium, and high corrosion condition. For the fatigue exponent of 3 usually for no corrosion condition, the fatigue life drops 54%, 64% and 65% from 99 years to 45, 36, and 35 years for low, medium and high corrosion condition. Similarly, at the fatigue exponent of 3.26 as suggested for the corrosion environment (Hahin 1994) , the fatigue life drops 65%, 71% and 76% from 153 years to 54, 44, and 36 years for low, medium, and high corrosion condition. 
Dynamic Amplification Factor
IM in AASHTO
The vehicle dynamic effects were included in the fatigue design by introducing the dynamic load allowance (IM), which is defined as an increment to be applied to the static wheel load to account for dynamic impact from moving vehicles. The IM value is based on the numerical simulations that consider only an average road surface condition (Hwang and Nowak 1991). However, the IM values were found to be underestimated on a poor road surface condition, a high vehicle speed or the combined conditions (Billing 1984 , O'Connor and Pritchard 1985 , Shi et al. 2008 , Zhang and Cai 2012 . Nevertheless, in the current AASHTO LRFD code, only one or two stress cycles for most small and medium span bridges are considered when one truck travels along the bridge. However, more than one or two stress ranges have been found to be induced by each truck passage in the analytical and experimental results on several bridges (Agarwal and Billing 1990 , Nassif et al. 2003 , Zhang and Cai 2012 . However, IM only reflects the largest stress amplitude during one vehicle passing on the bridge, and additional large stress amplitude cannot be included in the IM value as defined in the current specifications. As a result, fatigue damages from the other stress cycles with varied stress ranges cannot be included. The maximum value-based dynamic amplification factor might not be appropriate to calculate the fatigue damages from dynamic vehicle loads, and it is necessary to propose an effective parameter to include the possible multiple dynamic stress range cycles for the fatigue design. In a previous study, a dynamic amplification factor on stress ranges (DAFS) is proposed as the ratio of the nominal live load stress range and the maximum static stress range . Since the potential significant deterioration of the bridges especially in a bridge's later life cycle could not be neglected in a life-cycle bridge fatigue design, it is necessary to revise the previous defined DAFS to include the time-varied corrosion effects.
Life-cycle dynamic amplification factor
The reliability based dynamic amplification factor on revised equivalent stress ranges (DAFS) is defined as :
where S st is the maximum static stress range due to the passage of the live loads without considering the dynamic effects. In DAFS, vehicle type, vehicle speed, road roughness condition and land numbers are included. However, the structural member's corrosion is not considered. A new dynamic amplification factor for life-cycle bridge design (DALC) is presented based on DAFS. For corrosion members, the relationship between the structural fatigue life in terms of cycles to failure and stress ranges is updated from Eq. (2) to Eq. (3) and nominal equivalent stress range in the life circle is obtained as the following for discrete time integration:
where p j , j wn S mean the probability and nominal live load stress of case j, and here case j is defined as a combination of vehicle type, vehicle speed, road roughness condition and lane numbers, q k is a time-variant coefficient for corrosion and defined as:
A is a time dependent detail constant as shown in Eq. (2). The DALC can be obtained in a similar form of DAFS as shown in Eq. (5). 
Based on the proposed DALC, the deterioration effects including road surface deterioration and steel members' corrosion, and vehicle speed and types are included.
Effect of corrosion on DALC
When the corrosion is considered, the degradation of the fatigue strength will affect Eq. (7). Since the detail constant A is used for fatigue design, the q k used in Eq. (7) will result in a number of larger than 1 and lead to a larger DALC. For the twofold road surface condition, the DAFS increases with the number of days with faulting as shown in Figure 4 . When the three levels of corrosion are considered, the DALC increased with the corrosion level. From no corrosion to low, medium and high corrosion level, the DALC increased 1.6%, 3.1%, and 4.5% for different faulting days. It is noteworthy that with the increased corrosion level, the fatigue life drops from the no corrosion level of 60 years to 33 years, 30 years and 26 years for low, medium and high corrosion level for the same fatigue reliability index of 3.5. The DALC only consider the stress ranges within the calculated fatigue life. Since the first 10-15 years no corrosion was assumed, there are only limited differences between the DALCs for different corrosion levels. 
Concluding Remarks
Deterioration of a bridge from environmental corrosion and vehicle-induced fatigue damage greatly endanger the bridge's safety and reliability and could possibly lead to a catastrophic failure. In the present study, a revised fatigue reliability assessment approach is developed. Two types of bridge deterioration are considered here, namely, the road surface deterioration and the structural member corrosion, such as the sectional loss and the downgrade of the fatigue strength. A nonlinear cumulative fatigue damage model is used for fatigue damage accumulation and fatigue life is estimated by evaluating the cumulative probability of failure at the end of each stress block. Varied material corrosion rate, vehicle type, vehicle speed, and time-varied road surface conditions are considered, as well. From the present study, the following conclusions are drawn: The effects of the corrosion induced area loss and moment of inertia reduction do not have clear trends on the vehicle induced stress ranges. The random effects from road surface condition overwhelm the effects of corrosion; Corrosion induced fatigue strength reduction have a large effect on fatigue life. Fatigue life could reduce more than 60% for low corrosion condition and more than 70% for medium and high corrosion. DALC can be used for life-cycle bridge fatigue design related to a given reliability level. Corrosion reduced bridge's life and DALC increases with the corrosion level.
With potential significant deterioration in existing bridges and much heavier vehicle loads in the future, the existing bridges' safety is going more critical for the nation's transportation systems. Due to the complexity of the mechanism of corrosion fatigue, quantitative fatigue life predictions are difficult and many interacting factors could influence the corrosion fatigue behavior. As a preliminary numerical analysis, the present paper mainly focuses on corrosion effect on the fatigue reliability. It is necessary to have a more refined corrosion model, which is related to the inter-granular cracks based on linear fracture mechanics, to illustrate the fatigue crack initiation and propagation under different corrosion levels and different stress levels. With the refined vehicle-bridge dynamic analysis model and a refined corrosion fatigue model, different rehabilitation strategies for fatigue life enhancement can be compared virtually and implemented after experimental verifications to ensure the safety of the deteriorated bridges.
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